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Abstract

Green chemistry has become an important pathway for making chemical synthesis
safer, cleaner, and more sustainable. Rather than treating pollution after it is created,

this approach focuses on preventing waste and reducing the use of hazardous materials

from the beginning of a chemical process. This review discusses how the principles of
green chemistry are being applied in modern synthesis, with particular attention to
green solvents, solvent-free reactions, renewable feedstocks, catalysis, biocatalysis,

mechanochemistry, photochemical and electrochemical methods, and continuous-flow
processing. These approaches can improve reaction efficiency, reduce energy demand,

limit waste generation, and support better use of raw materials. The review also considers

key sustainability measures such as atom economy, E-factor, process mass intensity,
energy efficiency, and life-cycle assessment, which provide a broader understanding of
environmental performance than product yield alone. Despite encouraging progress,
practical problems related to cost, scale-up, feedstock supply, infrastructure, and
industrial adoption still remain. Recent developments in artificial intelligence, circular

chemistry, and renewable-energy-based synthesis may help overcome some of these
barriers. Future progress will depend on combining environmental benefits with
economic practicality, safety, and large-scale applicability.

Keywords: Green Chemistry; Sustainable Synthesis; Green Solvents; Renewable
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1. Introduction

In 1998, the worldwide scientific community proclaimed the twenty-first century to
be the “Century of Chemistry” and predicted that chemical science would offer important
solutions to many global issues including energy supply, depletion of natural resources,
environmental degradation and chemical pollution, and human health; however, many
such essential developments are still not yet materialized. Unfortunately the prediction
did not mention the negative impacts of chemical science on human health, environment
and global society, and rarely mentioned the benefits of promoting and implementing

sustainable chemistry. To address the urgent needs for sustainable science as opposed
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to hazardous wastes generating chemical process. As numerous advances in synthetic
organic said chemistry, most of which are still not environmentally benign and not
“green”, prompted the introduction of alternative principles including twelve principles
of green chemistry. Noticeable emphasis has been placed on the need to consider green
chemistry as an important surrogate for sustainable chemistry in order to satisfy
environmental, economic,, and social concerns. Significant progresses have been
achieved in the area of environmental benign sustainable organic synthesis (Asif et
al., 2019).

2. Overview of the Twelve Green Chemistry Principles

Green chemistry is widely recognised as a proactive, multidisciplinary approach that
aims at having minimal negative impacts on human health and the environment by
the design of either a chemical product or a process. It adopts a preventative, rather
than remedial, approach. Traditionally, chemical synthesis is heavily reliant on large
‘one-pot’ processes that lead to the accumulation of various and often hazardous waste
materials. The design and development of suitable chemical processes that obey the
principles of green chemistry is now attracting much interest (Karl Wach, 2006). A
decade ago, the twelve principles of green chemistry set a framework for designing
chemicals and processes that minimize the environmental footprint. Recent
developments now allow to carry out a full circle review of the six of the twelve principles

of green chemistry focusing on sustainable development in chemical synthesis (Ta,
2018).

Figure 1. Twelve Principles of Green Chemistry as a Framework for Sustainable Chemical Synthesis

3. Green Solvents and Solvent-Free Synthesis

The increasing concern over environmental pollution and the depletion of fossil fuels

has driven the search for safer and more sustainable alternative solvents derived from
renewable resources. Considerable efforts have been devoted to the development of
green or “biobased” solvents with different levels of bio-content, such as water, glycerol,
ionic liquids, supercritical carbon dioxide, ethyl lactate, bioethanol, fruit and vegetable
oils, and bioethers (Miele et al., 2022). The search for green solvents has also extended
to ionic liquid systems with an incomplete biobased character, and a number of well-
studied ionic liquids are obtained by chemical modification of biobased compounds.

Besides the search for biobased solvents, attempts have been made to broaden the
definition of biobased solvents and classify biobased solvent materials that are not
readily biodegradable but non-persistent, by virtue of their fast biodegradation time,
and subsequently considered as green solvents.

Many researchers have also directed their efforts toward the screening of green
solvent systems that could become safer substitutes for hazardous or toxic conventional
solvents in the synthesis of chemicals of industrial interest. Among those studied
systems, biomass-derived and potentially biobased solvents such as glycerol, ethyl
lactate, ã-valerolactone, ã-butyrolactone, limonene, methylene glycol, and terpineol
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stand out. Other contaminants may originate from non-sustainable sources (as those
derived from petroleum). The integral and sustainable nature of biomass feedstocks
means that, ultimately, the kinds of feedstock available to synthesize chemicals govern
their sustainability. Since the trend is to search for refined products from biomass
feedstocks that are increasingly abundant and less subject to depletion, along with the
rising cost of biomass feedstocks, and the absence of any solid feedstock becoming an
option for chemical sourcing and avoiding any competition with edible feedstock, a two-
pronged strategy emerges. On one hand, the shift toward non-edible biomass feedstocks
such as non-crop or invasive biomass is actively pursued for research and development
(Winterton, 2021). Together, the sourcing and selection of feedstock for chemical
synthesis can highly influence the environmental sustainability of the chemicals and
the manufacturing processes.

4. Renewable Feedstocks and Feedstock Diversification

The adoption of renewable sources of carbon is one of the principal approaches to
achieve greener chemistry (Gallo & Trapp, 2017). Therefore, feedstock qualification
relies on considering the total life cycle of materials, together with their availability
and the economic implications regarding their conversion into valuable chemicals (I.
Meramo-Hurtado et al., 2020).

Figure 2. Conversion of Renewable Feedstocks into Sustainable Chemicals and Value-Added Products

The synthetic platform should be composed of (i) the selected feedstock, (ii) the
conversion technologies, and (iii) the target molecules. Easy retrieval from non-food

biomass, compatibility with fermentation technologies, cheap manipulation, and

established marketed by-products are prime attributes for feedstock selection. Certain
considerations have been raised regarding the secondary supply of carbon from other

chemical transformations.

5. Catalysis and Biocatalysis in Sustainable Synthesis

Catalysis constitutes a major part of modern organic and inorganic synthesis.
Approximately 90% of one hundred fifty million industrial processes involve a catalytic
step. The majority of catalysts applied are homogeneous or heterogeneous in nature,
enzymes are biocatalysts. Catalysis contributes toward sustainability, especially when
priority is placed on making green alternatives. Catalysis increases sustainability based

on smaller quantities of source material, solvents, and energy. Processes can cast an
atom-economy set-up, which utilizes more of the reacting-input material in the final
product without being wasted in by-products.

To meet ever-increasing demand and improve process sustainability, one-component

systems become a focal point. For example, the tropos reactions permit three conversion
paths using only a single precursor. Greater input efficiency also permits conversion
with lesser added chemicals. Catalytic one-component reactions are seeing a rapid
growth phase over the last twenty years, being extended from sole-product assembly
into target-generation opportunities with diverse targets achievable in pursuit of
catalysis chains. Catalytic conversion is already very popular. Less developing materials,
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infrastructure, and personnel efforts allow manufacturing to go much smoother with
nearly the same sustainability level as prior standard processes, including drop-in
manufacture establishment, transfer, and start up.

Sulfenamine compounds occupy slight overlap on the lab-preparation side. However,
this type of one-component system requires a combination with asymmetric-trigger
capabilities to be more advanced in light of sustainability principles, according to the
principle characterisation set up by Anastas and Warner. Full consideration should
include attention being paid to both the wider scope of water as solvent-filling medium
and the priority on residual-chemical beverage-output channels being incomparably
easy than the startup. Water is of got-hold-at-stage standard as both a solvent and
mitigating reservoir. Water is classing as substantial abundance at the central starting-
point; material-water still supplies water-affixing ingredients without difficulties.

Encore catalyst has its original view toward the wider subject of adsorption catalysis.
A wider definition is adopted and subsequently drafted down into six high-level usages
for assorted audiences. The field specifies hydrogen on plastics, polymers, organics, as
well as meet residues as applicable toward the stated definition. (Wohlgemuth, 2011)

6. Mechanochemistry, Microwaves, and Ultrasonic Assistance

Mechanochemistry uses mechanical energy to trigger chemical transformations,
typically through pulverization, milling, or grinding processes. This approach permits

solvent-free interventions and enables the use of solid or swollen solid substrates where
traditional solution-phase methods face limitations. Mechanochemistry has gained

traction for multicomponent syntheses incompatible with prevailing solution chemistry

and for milieu-suitable materials such as fullerenes, carbon nanotubes, or graphite. As
a result, the technique has become further entrenched in pharmaceutical research,

polymer science, and nanotechnology (L. James et al., 2012).

Reactions driven by mechanochemical or cure-driven energy differ fundamentally
from standard approaches based on thermal or photonic excitation (Howard et al., 2018).

Variety in energy input means that reactions initiated by heat or light exhibit distinct

chemical traits. Mechanochemistry therefore presents opportunities for the exploitation
of new reactivities and synthetic pathways (Leonardi et al., 2018).

7. Photochemistry and Electrochemistry for Atom-Economical
Processes

Chemical transformations often involve several thermal steps and generate large
amounts of waste. For example, the preparation of thiophene requires five steps and
has an E-factor of 300, whereas a synthetic route to the isomeric biaryl requires six
steps, 19 isolations, 10 characterized intermediates, and more than 10% mass loss which
demonstrate non-atom-economical process. (Di Filippo et al., 2020) One approach to
increasing atom economy involves the combination of electrochemistry and
photochemistry. Photocatalysis offers advantages of selectivity, safety, and reduced

environmental impact. Electrochemical organic synthesis enables direct
functionalization of organic molecules at ambient temperature with reduced use of
hazardous chemicals and solvent. Bulk electrolysis technology, which has demonstrated
large action of off-the-shelf equipment is commercially available, making it the most
scalable and attractive sustainable technology at present. Photochemistry and

electrochemistry rank third according to a survey on green chemistry criteria for
common organic transformations and approaches based on electrochemical coupling
represents an important complementary area to the other three approaches. Photoredox
catalysis and synthetic organic electrochemistry are often viewed as competing
technologies, but their combination offers benefits such as increased chemical selectivity
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and energy access for single-electron transfer agents. State-of-the-art
photoelectrochemical methods enhance synthetic reaction greenness and efficiency and
also improve process sustainability.

8. Flow Chemistry, Process Intensification, and Scale-up
Considerations

The advantages of flow chemistry and process intensification have drawn significant
attention to their potential role in developing environmentally friendly synthetic
methodologies. For many chemical transformations, continuous processing can enhance
control over reaction conditions, improve safety, and facilitate scale-up, thereby reducing
manufacturing costs (Fanelli et al., 2017). Likewise, intensified methods offer numerous
benefits compared to traditional batch processing, yet accompanying challenges must
be addressed before widespread adoption can occur (Di Filippo et al., 2020).

Continuous, flow, or microfluidic processing enables nonlinear reaction profiles that,
for saturating reagents, permit improved atom economy, enhanced reaction safety, and
simplified downstream product separation. Many microreactor platforms support real-
time monitoring to enable reaction control aimed at minimizing environmental impact;
improved material selection can subsequently decrease the generation of hazardous
byproducts. Smaller volumes promote rapid thermal stabilization after transient events,
and diffusion limitations inherent to granulated catalysts diminish or vanish altogether.
Cascaded microreactor assemblies enable temporal reaction programming that fosters
innovation and enables the physical decoupling of incompatible redox steps.

9. Metrics for Sustainability: Atom Economy, E-factor, PMI,
Energy Efficiency, and Life-Cycle Assessment

Green chemistry metrics address the ecological and economical aspects of chemical
processes, increasingly important when evaluating sustainability (Van Aken et al.,
2006). Sustainability metrics comprise atom economy, E-factor, process mass intensity

(PMI), energy efficiency, and life-cycle assessment (Chen, 2008). Atom economy indicates
the proportion of reactants that become part of the final product; it is defined as the

molecular weight of the target molecule divided by the total molecular weight of all

species involved in the reaction. The E-factor is the mass of waste by-product generated
per mass of product, providing an estimate of the environmental burden. The process

mass intensity (PMI) is an analogous metric defined as the total mass of materials
entered into the process, including solvents and auxiliary substances, divided by the
mass of product obtained. An associated concept in greening chemical synthesis is energy

efficiency, defined as the amount of energy consumed in the various steps of a reaction
in relation to the energy content of the starting and end synthetic products. Life-cycle
assessment (LCA) is a holistic approach that considers the environmental impact during
the entire lifetime (from cradle-to-grave) including raw materials extraction, production,
distribution, use, recycling, and disposal.

Figure 3. Key Sustainability Assessment Metrics for Evaluating Green Chemical Processes
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Metrics such as these help frame the ecological and economical aspects of synthesis
beyond sole consideration of yield and safety and thus aid in the selection of sustainable
preparation methods.

10. Environmental Benefits, Limitations, Cost, and Industrial
Scalability

Sustainable and green processes form the heart of the current industrial practices.
A sustainable process is defined as meeting the needs of the present without
compromising the ability of generations to meet their own needs. Green Chemistry is
focused on the design of chemical products and processes that reduce or eliminates the
use and generation of hazardous substances (i.e. solvents) and/or hazardous waste in
the manufacture and use of chemicals. Green Chemistry is beneficial from an
environmental, economic and safety perspective. Ideally, processes based on Green
Chemistry principles make economic sense, are sensitive to operator safety and lead to
a reduction in pollutant loads. The sustainable industrial process must clearly
demontrate a lower environmental impact via the use of a widely available general
Green Chemistry metric.

11. Research Gaps, Implementation Challenges, and Emerging
Roles

The recent progress in sustainable synthesis demonstrates advances towards
satisfying the twelve principles of green chemistry and achieving multiple sustainability
objectives, despite the presence of substantial imperfection. The critical appraisal of a

series of selected innovations aimed to facilitate informed identification of the remaining
technical, socio-economic, and environmental knowledge gaps that persist along this

trajectory and to shed light on future approaches that merit consideration in further
research and development efforts. The drawn imperative for such continued endeavour
is especially pronounced where transformations in existing energy systems, materials

development, and recycling technologies catalyse increasing interest in circular economy
approaches that retain economic value while minimising the input of primary resources

in manufacturing contexts. Supply and sourcing difficulties associated with some high-

volume feedstocks and corresponding competition for land and feedstock between
alternative uses amplify the urgency of investigating supplementary, alternative feeds—
ideally derived from biological, photonic, waste, or other low-footprint sources.

Knowledge gaps and implementation challenges comprise, respectively, unaddressed
research questions regarding specific knowledge required to augment or supplement
the capacity to develop and realise transformative solutions and the presence of
operational, technical, and infrastructural impediments—engineering or otherwise—
that inhibit or obstruct the tangible pursuit of such schemes. Potential avenues for
reducing these barriers involve both extending the application of supplementary

emerging technologies to operations oriented towards the principles of green chemistry
and seeking opportunities to meet, reinforce, or interact with existing on-going societal

objectives by integrating them into related, peripheral, or adjacent areas of
consideration, including artificial intelligence, circular economy principles, and
renewable energy schemes (Asif et al., 2019).

12. Artificial Intelligence, Circular Chemistry, and Renewable
Energy Integration

Over the last 30 years, several advances in chemical production have emerged to

enhance sustainability within the chemical industry. Nevertheless, several obstacles
persist to maximise the impact of the twelve green chemistry principles in academia,
translational research and industrial applications (Liu et al., 2023). Researchers are
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continuously developing machine learning methods combined with retro synthesis rules
(e.g., graph databases of chemical reaction pathways) to assist chemists in planning
sustainable chemical syntheses and optimise chemical routes towards sustainability
goals. Data-driven approaches assist chemists to automate and optimise frequently
used operations such as solvent selections, reagent addition orders, catalyst selection,
purification and dosage determination (Wang et al., 2022). Moreover, closed-loop
chemistry (circular chemistry) enables the regeneration of the chemicals used during
chemical transformations by integrating conversions of waste and chemical generation.
To design a sustainable chemistry approach, chemical energy sources should be
considered with the aim to decrease the overall use of energy through cofactor
regeneration, electrochemical and light-driven synthesis.

13. Future Research Directions

Sustainable chemical processes should fulfil society’s needs without compromising
the quality of life of future generations. A simple glance at scientific progress in
chemistry reveals a technology-ready but economically immature stage that,
nonetheless, promises to change the world for the better (Karl Wach, 2006). Recent
advances in green chemistry contribute science-based arguments and effective solutions
to several millennia of artificial and damaging ways of doing things. Progress has been
made on key metrics of sustainable synthesis. Emerging research avenues include

hydrogen-peroxide-mediated oxidations, co-catalytically activated biocatalytic and
sonochemical-N-O-dibenzylation reactions of amines to N-benzylated derivatives,
hydroxyapatite-catalysed trans-esterification of calophyllum and agro-biodiesel fatty-

acids, and water-assisted Diels–Alder and Diels–Alder-type reactions of 1-phenylbuta-

1,3-diene (Asif et al., 2019). Research investment prioritisation depends on impact,
feasibility, and breadth of applicability across sectors and domains. Short-term goals

are the introduction of 21st-century waste repositories and a sustainable-central-
allotropes consumption indicator. Medium-term goals encompass the integration of

alkalis, amines, acids, transition metals, organoprecious materials, or hydrogen into

feedstocks, significantly affected during and after the early-twenty-first-century
transition to all-alternative-and-renewable-chemical routes. Long-term goals comprise

the elimination of methane and oxygen in feed-pipeline-compliant hydrocarbons,
oxidation-zero-cat for alkanes including methane, and twenty-first-century renewable
reservoirs.

14. Conclusion

Green chemistry provides a practical pathway for making chemical synthesis safer,
cleaner, and more responsible. The approaches reviewed in this study show that
sustainability can be improved by reducing hazardous solvents, limiting waste, using
renewable feedstocks, improving catalytic efficiency, and lowering energy demand.
Techniques such as mechanochemistry, biocatalysis, photochemistry, electrochemistry,
and continuous-flow processing further expand the possibilities for greener synthesis.
However, environmental advantages alone are not sufficient for successful industrial

adoption. Cost, scalability, safety, raw-material availability, and life-cycle impacts must
also be considered when selecting a sustainable process. Green chemistry metrics can
support this assessment by providing a broader picture of material and energy efficiency.
Emerging tools, particularly artificial intelligence, circular production strategies, and
renewable energy integration, may further improve process design and resource

utilization. Future progress will therefore depend on combining scientific innovation
with economic feasibility and practical industrial requirements to develop genuinely
sustainable chemical manufacturing systems.
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